ABSTRACT. Citizens have long contributed to scientific research about the environment through volunteer environmental monitoring programs. Their participation has also resulted in outcomes for themselves, their communities, and the environment. This research synthesizes 35 peer-reviewed journal articles that reported such outcomes through 2012. This collection of articles was derived from a pool of 436 peer-reviewed journal articles about participatory environmental monitoring. Reported outcomes for participants and communities ranged from increasing personal knowledge and community awareness to changing attitudes and behaviors, building social capital, and ultimately, influencing change in natural resource management and policies. Mixed results were reported in regard to citizen participation in natural resource decision-making processes and in terms of participant knowledge gain. Future research recommendations that address identified knowledge gaps include the following: (1) assessing knowledge beyond the basic content of the subject of monitoring to better address the value of volunteer environmental monitoring as a public participation tool; (2) conducting independent research across programs to enable null or negative outcome reporting, understand commonalities of outcomes across programs, and make linkages between outcomes and program characteristics; (3) carrying out rigorous research that includes data collection and statistical analysis focused on the effectiveness of citizen participation in decision making; (4) assessing the time component of outcome achievement to inform the volunteer monitoring community; and (5) conducting additional research to identify changes in attitudes and behaviors, particularly geared toward minimizing losses in biodiversity and impacts of climate change.
INTRODUCTION
Citizens have been collecting data on environmental systems through participatory monitoring programs since the late 19th century. Weather observers have assessed rainfall and air temperatures since as early as 1890 (http://www.nws.noaa.gov/ om/coop/). Citizens have collected data about bird populations through an organized program in the United States since 1900 (Lee 1994) and in the United Kingdom since 1962 (Greenwood 2003) . They have monitored fish populations with the National Marine Fisheries Service since 1954 (Lee 1994) .
With the advent of participatory decision-making initiatives across the globe (Rydin and Pennington 2000 , Ellis and Waterton 2004 , Van Rijsoort and Jinfeng 2005 and shrinking or limited monitoring budgets (U.S. Office of Management and Budget 2012), involving citizens in environmental monitoring is becoming more common. For example, in the United States, a 1998 survey by the U.S. Environmental Protection Agency identified nearly 800 volunteer environmental monitoring programs (Ely and Hamingson 1998) . This number has more than doubled in the past 15 years. Results of a recent survey suggest there are at least 1675 volunteer water monitoring programs in the United States (Stepenuck 2013) . The types of volunteer monitoring efforts are also diversifying. In addition to weather, bird, and water monitoring, citizens also monitor a multitude of types of environmental systems and organisms, including air (O'Rourke and Macey 2003) , amphibians (Shirose et al. 1997) , biodiversity (Cosquer et al. 2012) , mammals (Moyer-Horner et al. 2012) , invasive species (Gallo and Waitt 2011) , forestry (Ballard et al. 2008) , marine environments (Evans et al. 2000) , and bees (Ashcroft et al. 2012) . These efforts have produced invaluable data that have been used by scientists to track changes in populations and environmental trends over time (e.g., Ticheler et al. 1998 , Boylen et al. 2004 , Bhattacharjee 2005 , Greenwood 2007 , Dickinson et al. 2012) and by managers to modify practices to eliminate pollution (Da Silva Pinho 2000) .
A variety of outcomes have also occurred for participants in volunteer environmental monitoring programs and for the communities in which these programs operate, but efforts to synthesize these have been limited. As a result, practitioners may lack knowledge to effectively model successful initiatives. This can lead to waste of valuable resources to develop effective programs, limit external funding support, and potentially stymie participation if personal benefits are not recognized and promoted (Measham and Barnett 2008) . However, 4 notable studies provide a basis on which to build a current synthesis. The earliest explored participant empowerment and natural resource management outcomes that resulted from 15 locally based monitoring projects (Danielsen et al. 2005a) . Four generalized benefits were found to have resulted across programs: improved communication between government and local stakeholders, increased knowledge and changed attitudes among participants, better adherence to natural resource regulations by community members, and empowerment of local stakeholders. The second study investigated 10 years of citizen science-related literature and relevant websites to identify benefits (Conrad and Hilchey 2011) . These included science and the environment becoming more available to the public, local stakeholders becoming more engaged in ecosystem management and policy discussions, participants increasing scientific literacy, and social capital being built in communities in which either community-based monitoring or management were carried out. The third study considered the distinction between individual and community learning outcomes using examples from peer-reviewed literature to demonstrate outcomes . Identified outcomes for individuals included increased knowledge, engagement in the scientific process, and environmental http://www.ecologyandsociety.org/vol20/iss3/art19/ stewardship. Identified community outcomes included improved social capital, increased trust among stakeholders and land managers, and job creation. The fourth study categorized volunteer monitoring efforts by roles of the laypersons and scientists involved and then predicted outcomes based on these characterizations . Science, social-ecological, and individual outcomes were predicted. Considering the latter two, reported social-ecological outcomes included improved environmental management and conditions. For individuals, outcomes included knowledge gain, stewardship actions, a sense of ownership, and broadened networks.
We build on the work of these researchers by providing a synthesis of peer-reviewed journal articles through 2012 that reported outcomes for individuals and communities resulting from volunteer environmental monitoring efforts. We set the situation by describing the realm of research focused on participatory environmental monitoring. We present the types of outcomes that have been observed and described in peer-reviewed journals. Finally, the discussion reflects on reported outcomes, identifies research gaps, and proposes suggestions for future investigations.
METHODS
Between October 2009 and October 2013, a series of online searches was conducted to identify peer-reviewed journal articles related to the field of participatory environmental monitoring. This included a search for articles that utilized laypersongenerated data to build understanding of the populations and environments monitored, as well as articles that described, supported, questioned, and/or assessed outcomes of such participatory environmental monitoring efforts. The goal was to develop a broad understanding of the collective state of knowledge presented in peer-reviewed journals about participatory environmental monitoring and its impacts.
Initially, Proquest's Ecology, Environmental Sciences and Pollution Management, and Water Resources Abstracts databases were searched using a variety of terms. These included: "volunteer monitoring," "volunteer water monitoring," "citizen science," "community-based collaborative monitoring," "participatory monitoring," "public participation in scientific research," "locally-based monitoring," "community-based monitoring," and "environmental collaborative monitoring." The articles identified in these searches were reviewed, and additional volunteer environmental monitoring-related peer-reviewed research articles cited within them were located and examined. The newly found articles were then used to identify additional relevant research articles. In an effort to perform as comprehensive a search as possible, the Proquest databases were searched periodically over the 4-year time period to identify newly published or previously missed peer-reviewed articles related to participatory environmental monitoring. In 2012 and 2013, Google Scholar and EBSCO Host's Social Sciences Full Text and Wildlife and Ecology Studies databases were also searched.
This iterative search process ultimately resulted in 436 peerreviewed journal articles related to participatory environmental monitoring, the majority of which were published in the past decade (Table 1) . Articles related to astronomy, geographic information systems, and public health, other than as related to water and air monitoring, were not included. Review of the first 271 articles located by the end of 2010 allowed them to be categorized according to topic of focus. This was undertaken in an effort to broadly characterize peer-reviewed literature across the field. These articles fit into 8 general categories. As additional articles were located, they were assigned to these categories. Some articles were placed into more than 1 category. For the 436 articles located, the categories and count of articles included those that assessed participatory environmental monitoring programs (69), provided overviews of these programs (76), presented comparison studies of professional versus volunteer methods (61), discussed how to improve these programs (12), expressed support for these types of programs (62), discussed techniques for managing these programs over time (11), used layperson-generated data to describe a population or environmental condition (150), and discussed how participatory data might be used (18).
A collection of peer-reviewed articles that reported outcomes for individuals or communities was derived from the category of those that assessed participatory environmental monitoring programs. This collection is our focus. Importantly, it does not include research that reported on environmental monitoring conducted solely as part of a school curriculum or monitoring in which laypersons were paid to participate. Included articles focus specifically on volunteer environmental monitoring. These criteria differ somewhat from previous synthesis articles that discussed outcomes of citizen science programs for individuals and communities (Danielson et al. 2005a , Conrad and Hilchey 2011 . However, defining the criteria in this manner allows the discussion to focus on individual and community outcomes of monitoring efforts in which layperson participants took part without monetary incentive or requirement, either of which may affect outcomes. Also, including only research that has been vetted through the peer-review process enhances the credibility of the synthesis and thus addresses this known challenge for participatory environmental monitoring (Crall et al. 2010 , Ottinger 2010 .
General information that characterized each volunteer monitoring effort was determined. This included determining the monitoring focus, location, number of programs assessed, and timescale to achieve outcomes. When authors did not report the length of time to reported outcomes, program age and article publication date were used to determine a maximum time period over which outcomes may have resulted.
To assess the quality of research conducted, journal impact factors and study design styles were determined for each article. In September 2013, the ISI Web of Knowledge Journal Citation Reports was used to identify impact factors for 2012. ResearchGate and journal websites were used to determine impact factors for specialty journals not listed in the Journal Citation Reports. Study design styles included the following: (1) research that employed surveys; (2) research in which interviews were conducted; (3) research in which data related to the effort were analyzed, including environmental monitoring data, content of electronic discussions and media reports about the efforts, and unsolicited participant feedback about the efforts; (4) research in which participants were observed by the researcher(s); and (5) research that provided evidence of outcomes as determined by anecdotal researcher reflection of the volunteer monitoring effort.
Outcomes reported in the articles were initially classified as affecting either individual participants or the community in which the volunteer monitoring program operated. Subsequently, categories of outcomes reported within these two groups were identified. Because researchers generally used similar language to describe outcomes, several common categories could be identified across the pool of articles. Previous syntheses were also used as a general guide for identifying outcome categories (Danielsen et al. 2005a .
RESULTS
Just 35 of the larger pool of articles (436), plus the 4 reviews, reported outcomes for individuals who participated in volunteer environmental monitoring programs or for the communities in which these programs operated (Table 2 ). In 27 of the 35 nonreview articles, researchers assessed outcomes for a single volunteer environmental monitoring effort. Programs ranged in scope from monitoring in a single community to those focused on as broad a scale as North America. The majority (14) were carried out in the United States. About half as many were carried out in the United Kingdom and Canada, whereas other countries had lesser representation. Volunteer monitoring efforts often focused on living organisms, although they also monitored land, air, and water resources. Programs in which a variety of aspects of the environment were monitored were most often considered in regard to outcome assessment.
Although the majority of authors did not specify how long it took for outcomes to be achieved, most outcomes reported occurred within 8 years or less following initiation of monitoring (Table 2) . Four articles reported on outcomes that were achieved within a year. Outcomes included building individual knowledge and community awareness (Evans et al. 2000 , Overdevest and Mayer 2007 , Kountoupes and Oberhauser 2008 and changing behaviors (Jordan et al. 2011) . The minimum reported time to achieve policy-related outcomes was 2 months following data sharing (Becker et al. 2005 ). However, this outcome was following a year of monitoring.
Journal impact factors ranged from 0.707 to 5.236 across the 28 journals in which outcome-related articles were published. Four specialty journals did not have defined impact factors (Table 3) . The types of outcomes most often reported in articles published in journals with the 10 highest impact factors included personal knowledge and community awareness building, personal benefits, Ecology and Society 20(3): 19 http://www.ecologyandsociety.org/vol20/iss3/art19/ and changes in attitudes and behaviors (Tables 4 and 5 ). Only 3 reported that volunteer monitoring influenced natural resource management practices or policies (Greenwood 2003 , Overdevest and Mayer 2007 , Ottinger 2010 , and 2 discussed challenges or successes volunteers have had as participants in the decisionmaking process (Ballard et al. 2008 , Fernandez-Gimenez et al. 2008 .
Researchers employed between 1 and 4 methods to assess outcomes (Table 3) . Interviews were the most commonly used method, reported in 16 of the articles. Anecdotal researcher reflection was next most prevalent, used by authors of 12 articles. Surveys were carried out to assess outcomes by authors of 11 articles, and outcomes reported in 9 articles were assessed, at least in part, based on review of data generated through the volunteer monitoring program. Finally, researchers of 4 articles determined outcomes based in part on participant observation. Data review and participant observation tended to be employed more often in articles published in journals with higher impact factors, whereas the other methods were used in articles published in journals representing the range of impact factors. However, no difference was observed in the types of outcomes reported when data analysis or participant observation techniques were used as compared with other research methods (Tables 4 and 5 ).
Five categories of outcomes were identified for individuals (Table  4) . Assessing whether participants experienced a gain in knowledge was the most common; this was reported in 18 articles. The next most common, described in 11 articles, related to social and personal benefits of participation. Authors of 10 articles considered whether volunteer monitors had improved their ability to participate in decision-making processes. Nine authors also evaluated and reported on participants' modified attitudes or behaviors. Finally, authors of 3 articles considered whether volunteer monitors had increased the amount and effectiveness of their civic participation since starting their involvement.
Community outcomes were divided into 4 categories (Table 5) . Increased social capital, i.e., the economic and personal benefits gained by interactions among community members (Coleman 1988) , and that volunteer environmental monitoring influenced natural resource management practices or policies were each reported in 12 articles. Increased community knowledge and awareness was reported in 11 articles. Changes in attitudes and behaviors were less often reported, with 5 articles describing such outcomes.
Outcomes for individuals

Gain in knowledge
Three main types of knowledge gain were reported for individuals involved with volunteer environmental monitoring programs. These included gaining scientific content knowledge, learning new skills, and experiencing social learning. Social learning can be described as learning as a result of interactions with others, which results in reassessment and potential change in an individual's underlying assumptions about a group or an issue (Ballard et al. 2008 , Fernandez-Gimenez et al. 2008 . Learning was assessed primarily through interviews and surveys (Table 3) .
Gain in content knowledge was, by far, the most reported of the 3 types of learning. It was considered in 18 articles, with positive outcomes reported in 16 and a negative or no change in knowledge reported in only 4. Content learned generally reflected the topic of focus in the monitoring effort, although some researchers identified knowledge gain that went beyond the immediate object of observation (Table 4) . For instance, individuals in one effort gained understanding of the need for natural resource management regulations as they monitored fishing activities and observed negative impacts on fish populations (Obura et al. 2002) . In 2 studies in which no difference in scientific knowledge was observed between experienced and inexperienced volunteers, researchers speculated that individuals with strong science backgrounds had elected to participate (Trumbull et al. 2000 , Overdevest et al. 2004 ).
Learning new skills as an outcome of volunteer monitoring participation was reported in just five articles (Table 4 ). Very few explored this type of learning in depth. As expected, volunteers learned skills related to the process of monitoring (Obura et al. 2002 , Bell et al. 2008 , Cosquer et al. 2012 . Moving a step further to explore skill building, some participants were reported to have learned skills related to community leadership, activism, media engagement, and advocacy (Measham and Barnett 2008) .
Evidence of social learning, although not always called that, was described in five articles (Table 4) . Two focused on understanding learning that occurred within monitoring groups carrying out community-forestry demonstration projects in the western United States (Ballard et al. 2008 , Fernandez-Gimenez et al. 2008 . Participants noted changes in personal feelings and assumptions based on interactions within the diverse group of players in the program. This was true for both scientists and laypersons involved in the efforts. When making management decisions, scientists learned the importance of local knowledge, and local residents better understood the importance of collecting data as evidence (Ballard et al. 2008) . The more diverse the group of stakeholders that designed the monitoring, and the more rigorous the data collection, the more evidence of social learning that was observed (Fernandez-Gimenez et al. 2008) . Social learning also included participants increasing their understanding of ecological processes, which resulted in altering their own underlying assumptions (Ballard et al. 2008) .
Change in attitudes and/or behaviors
As evidenced by the examples discussed previously, changes in participant attitudes can be directly linked with social learning (Ballard et al. 2008 , Fernandez-Gimenez et al. 2008 . Aside from these social learning examples, only one article discussed individual attitudinal changes (Table 4) . Specifically, no significant changes in volunteer bird monitors' attitudes about science or the environment were observed in pre-and posttests (Brossard et al. 2005 ).
Authors of six articles reported that participants' behaviors had changed (Table 4) . Volunteers were reported to have increased their political participation (Overdevest et al. 2004 ) and altered their land-use management techniques (Becker et al. 2005 , Evans et al. 2005 , Van Rijsoort and Jinfeng 2005 , Jordan et al. 2011 , Cosquer et al. 2012 . However, behavior changes were sometimes more superficial than desired. In one study, although the majority of invasive plant monitors reported altering their behavior in at least one way, most changes were passive (Jordan et al. 2011 ). For 
Attainment of social and personal benefits
A wide variety of social benefits to individuals were noted as important outcomes for volunteer environmental monitors (Table  4) (Gooch 2005) . They became attached to places (Gooch 2005) . Some even based career choices on experience gained through participation in such programs (Newman et al. 2003 , Gooch 2005 .
Two articles reported negative social outcomes. In one study, volunteers felt overtaxed because of cuts in professional staff and increasing reliance on volunteers (Measham and Barnett 2008) . In the other, engagement in environmental monitoring efforts was reported to lead participants to have concerns about the state of the environment (Lawrence 2009 ).
Attainment of voice in decision making
Volunteer monitors contributed to decision-making processes in a number of programs, but concerns about their effectiveness were also expressed. Eight articles reported positive outcomes, whereas five mentioned concerns (Table 4) .
Positive outcomes related to citizens feeling empowered and more confident to express their ideas to natural resource managers and figures of authority (Obura et al. 2002 , Gooch 2004 , Ballard et al. 2008 , Cornwell and Campbell 2012 . In part, this was attributed to citizens recognizing the power in having scientific data to support their management requests (Sharpe et al. 2000, Cornwell and Campbell 2012) . Ultimately, there was evidence of natural resource management rules and regulations being developed with local volunteer input, which represented a change from past practices (Danielsen et al. 2005b, Van Rijsoort and Jinfeng 2005) .
Concerns expressed about the effectiveness of volunteer monitors in decision-making processes were related to both passive and active engagement of citizens. A plant monitor in the United Kingdom expressed frustration that policy makers failed to use citizen-generated data to inform decisions even though the volunteer had taken no action to share results with decision makers beyond submitting data to the monitoring program (Ellis and Waterton 2004) . Citizens who took a more active approach to contribute to decision making also faced challenges. For instance, when participating in agency and government board meetings, volunteers in Australia often felt left out and manipulated (Gooch 2004 (Gooch , 2005 . Ultimately, they were frustrated with one-sided outcomes. Additionally, "internal power differentials" were cited as a challenge to effective citizen participation in decision making in community-based forest monitoring projects in the western United States (FernandezGimenez et al. 2008:14) .
Increase in amount and effectiveness of civic participation
Research findings nonetheless demonstrate that civic environmental actions of volunteer monitors can increase over time with their participation in environmental monitoring programs. Three articles reported such outcomes (Table 4) . These related to personal activities of volunteers (Overdevest et al. 2004 , Jones et al. 2006 and their influence on administrative decisions and processes of industrial companies, thus helping to minimize environmental impacts (O'Rourke and Macey 2003).
Outcomes for communities
Increase in awareness
As with individuals, a motivation for implementing and an oftenassumed outcome of volunteer environmental monitoring programs is that community awareness about an ecosystem will increase as a result of public involvement in monitoring and sharing results (Greenwood 2003 , Gooch 2005 , FernandezGimenez et al. 2008 . This expectation was supported across a Evans et al. (2000) About sexual malformations in predatory sea snails caused by chemicals used in marine paints; the media was interested initially in reporting on citizen involvement in the research but also built awareness about the issue; popular scientific trade journals published information about the research following media attention Fernandez-Gimenez et al. (2008) Increased cooperation, collaboration, and trust among stakeholders; a variety of land management decisions were made among the groups Trust and partnerships developed between agency land managers and volunteer groups; citizens ultimately influenced forest management practices (e.g., U.S. Forest Service altered its timber sale to protect mushrooms, and landowners changed fencing practices to protect habitat) García and Brown (2009) About water quality following monitoring of bacteria and sediments and volunteer-led community meetings to share results CB: Developed and implemented water quality remediation plan Gooch (2004) Government board halted a development that was potentially harmful to the environment as a result of citizen contributions to the decision-making process Gooch (2005) Built internal social and networking connections and shared accumulated knowledge in local communities through public education programs Greenwood (2003) About declines in farmland bird populations; eventually understood across a broad community of stakeholders, including the public, farmers, politicians, and conservation groups based on sound scientific data collection and timely communication of results CA: More ecologically oriented attitudes CB: Changed agricultural policies related to birds and wildlife Agricultural policies no longer designed to solely benefit production; focus has shifted to protect wildlife that uses farmlands; Environmentally Sensitive Areas include provisions to protect wild birds that inhabit farmlands (con'd)
Ecology and Society 20(3): 19 http://www.ecologyandsociety.org/vol20/iss3/art19/ Jones et al. (2006) Increased components of social capital including strength of social networks, trust in colleagues, access to information, and personal influence Karney (2000) Influenced pier guidelines to protect shellfish and eelgrass Koss and Kingsley (2010) Developed social connections between volunteers and rangers Lawrence (2009) About climate change through phenological observations Measham and Barnett (2008) About environmental issues; considered by volunteers to be one of the most important outcomes achieved Vaughan et al. (2003) Community growth limits as defined by water quality, which was, in part, assessed through volunteer monitoring variety of types of monitoring efforts (Table 5) . Public awareness of an environmental issue was also built from media attention that resulted from citizen participation and subsequent broadscale dissemination of scientific information about the topic (Evans et al. 2000, Overdevest and Mayer 2007) .
Change in attitudes and behaviors
Attitude and behavior changes of community members are tightly linked with community awareness building. Reported attitude and behavior changes primarily related to altered views of citizens and officials in regard to decision making about land-use management and policies (Table 5 ). These were assessed almost entirely through researcher reflection. One particularly intriguing example described how monitoring fog capture in highland forests of the Loma Alta Watershed in Ecuador helped community members understand its importance as a water resource to their livelihoods as farmers (Becker et al. 2005) . Trees in the highlands were found to collect more fog than agricultural plants in the http://www.ecologyandsociety.org/vol20/iss3/art19/ lowlands of the watershed (Becker 1999) . The water in fog that dripped off trees contributed significantly to streams. Thus, forest clear-cutting directly affected community members' ability to farm, yet no land-use regulations existed. Volunteer data demonstrated that the loss of water in the lowlands as a result of deforestation could cost the agricultural communities half of each family's annual income. Only 15 months after volunteer monitoring was initiated, 95% of voters supported creation of a forest reserve, demonstrating a significant attitude change among community members. Attitude and behavior changes were also observed among community leaders who, within 10 years, enabled the reserve to grow from 100 to 1600 ha.
Increase in social capital
Another often-proclaimed outcome of volunteer environmental monitoring in the scientific literature is that it builds social capital in communities (Overdevest et al. 2004 , Gooch 2005 , Jones et al. 2006 , Schwartz 2006 , Greenwood 2007 . Social capital comprises the economic and personal benefits gained for individuals and communities by interactions among community members (Coleman 1988) . Communities with more social capital have a better chance of reaching achievable goals than those with less (Krishna 2002 ). Schwartz (2006) proposed that social capital can be built by engaging citizens in activities in which they can have a direct impact. As previously noted, this was the most reported community outcome among the collection of articles (Table 5 ). The example from the Loma Alta Watershed illustrates this tenet; once the forest reserve was established, citizens developed a forest conservation area that supported nature tourism (Becker et al. 2005) . Further, citizens became naturalist guides, set up entrance fees and regulations for the conservation area, and developed a registration center for visitors. Still others secured funds to build a cabin for use by tourists and developed jewelry to sell to visitors. Other researchers reported increased social capital outcomes related to aspects of social capital such as increased size of personal networks (Overdevest et al. 2004 , Gooch 2005 , Pollock and Whitelaw 2005 , Jones et al. 2006 , Measham and Barnett 2008 , Koss and Kingsley 2010 , development of partnerships (Sharpe et al. 2000 , Savan et al. 2003 , and community influence (Pollock and Whitelaw 2005, Jones et al. 2006) .
Influence on natural resource management practices or policies
Effecting change in natural resource management practices or policies is often the ultimate goal that volunteer monitoring groups seek to achieve (Ellis and Waterton 2004) . In fact, examples demonstrating such success span the globe and environmental topics (Table 5) . A variety of interim outcomes leading toward this goal have also been reported. Many of these interim outcomes parallel components of social capital. These include increased communication between citizens and managers or government (Obura et al. 2002 , Danielsen et al. 2005b ) and increased cooperation, collaboration, and trust among stakeholders (Becker et al. 2005 , Van Rijsoort and Jinfeng 2005 , Fernandez-Gimenez et al. 2008 .
Several articles reported that natural resource management practices were improved after volunteer environmental monitoring data demonstrated negative environmental impacts (Obura et al. 2002 , Becker et al. 2005 , Danielsen et al. 2005b , Van Rijsoort and Jinfeng 2005 . There is also evidence that such outcomes can occur in relatively short time periods. For instance, short implementation periods, averaging 97 days from recommendation to implementation, were observed in a program in the Philippines (Danielsen et al. 2005b ). Such rapid implementation was attributed to having the same people carry out the monitoring, make the recommendations, and ultimately, make the management decisions.
DISCUSSION
Exploring findings and identifying knowledge gaps
Although limited, peer-reviewed journal articles describing volunteer environmental monitoring efforts contain evidence of a variety of benefits for both individuals and communities. Increased personal content knowledge and improved social capital were the most commonly reported outcomes for individuals and communities, respectively. In general, although potentially valuable to other practitioners, null or negative outcomes were reported less often. Those that were reported most often related to challenges for citizen participants in decisionmaking processes.
Although not an unexpected outcome, demonstrating knowledge gain among participants is particularly relevant for volunteer environmental monitoring programs, which often set out to educate particular audiences (Pattengill-Semmens and Semmens 2003, Brewer 2006) . Thus, its prevalence as a reported outcome addresses a need of many volunteer monitoring efforts. For instance, 82% of volunteer water monitoring programs in the United States listed public education as a key objective in a recent survey (Stepenuck 2013) . Demonstrating knowledge gain among participants may help such programs sustain financial and administrative support over time; thus, additional research about such outcomes is justified. Research on educational outcomes can also benefit agencies seeking to develop and incorporate volunteer monitoring efforts into their programming. A weakness of the existing collection of articles is that most focus on only assessing content knowledge. For agencies such as the U.S. Forest Service, which seeks to boost effectiveness in obtaining user feedback to identify problems by incorporating participatory monitoring into its research efforts (McKinley et al. 2012) , understanding gains in content knowledge of participants is insufficient. For such agencies, understanding whether volunteer monitoring participants improve knowledge and skills related to diplomacy, public speaking, data synthesis, effective networking, or communications might provide greater insight into the value of volunteer environmental monitoring as a public participation tool. Such knowledge can help agencies plan and implement participatory monitoring efforts most effectively.
It is known that there is a bias against publishing negative or null results (Franco et al. 2014) . In this synthesis, null or negative knowledge and attitude/behavior outcomes were reported in just four articles (Trumbull et al. 2000 , Overdevest et al. 2004 , Brossard et al. 2005 , Jordan et al. 2011 . Undeniably, there is an inherent risk in sharing null or negative results because doing so may mean loss of support for the program. However, when published, such knowledge affords others the opportunity to learn from reported outcomes and avoid pitfalls (Franco et al. 2014) . For instance, the knowledge that volunteers felt overtaxed with the workload as professional staff were cut (Measham and Barnett 2008) is important for program managers to recognize. In volunteer http://www.ecologyandsociety.org/vol20/iss3/art19/ environmental monitoring efforts, which often operate on limited budgets, having knowledge about program concerns may save practitioners considerable time and expense in program development by avoiding known pitfalls.
To address this conundrum, recall that the majority of articles reported on assessment of only a single program. The result is that a knowledge gap exists in understanding outcomes across volunteer environmental monitoring programs. Identifying whether there are commonalities in outcomes across programs that monitor specific organisms or environments, or that use a common design style, may help other practitioners develop initiatives to achieve certain desired goals more effectively. A recommendation for future research is for independent researchers to conduct cross-program outcome assessments, thus linking the need for researchers to publish null or negative outcomes with the idea that assessing outcomes across programs is both valuable and represents a gap in current knowledge. Information learned can be published without identifying program identities. This will enable null or negative outcomes to be shared to benefit other practitioners and will enhance understanding of connections between common program characteristics and outcomes. A recent example of such an assessment exists. Through a survey of 345 volunteer water monitoring programs across the United States, 7 characteristics of programs significantly related to success in natural resource policy and management were identified (Stepenuck 2013) .
Reflecting on reported concerns related to citizen participation in decision-making processes, Arnstein (1969) defined a ladder of citizen participation that provides a framework by which to examine these findings. The ladder begins with nonparticipation and moves up to a stage in which citizens have both an opportunity to hear and have a voice in decision making, although decision makers may not heed citizen input. Partnerships between citizens and traditional decision makers come next on the ladder. The ladder culminates at a level in which decision-making power has been delegated to citizens. Concerns expressed about the limitations of the power of citizens' voices in decision making following participation in volunteer environmental monitoring align with this framework (Obura et al. 2002 , Gooch 2004 , Fernandez-Gimenez et al. 2008 . The design of most public decision-making processes is prescribed and thus limits how citizens can contribute (Obura et al. 2002) . Although citizens might have unique knowledge to share, there is little ability for them to do so in a manner that can effectively inform decisions (Ellis and Waterton 2004) . Nonetheless, power sharing between scientists and citizens was demonstrated in community-based forestry projects in the western United States when scientists incorporated the input of citizen participants into reports (Ballard et al. 2008) . This suggests that volunteer monitors were able to operate at higher rungs of Arnstein's ladder; they not only expressed their voice, but they entered into a discussion or were otherwise able to influence the decision-making process. Ultimately, however, it seems unlikely that the pinnacle of Arnstein's ladder was reached in any of the volunteer monitoring efforts studied. Although a local monitoring program in Africa reported that other community members considered volunteer monitors experts in their field of study (Obura et al. 2002) , total decision-making power was never reported to have been transferred to citizens. A research opportunity exists to attempt to better understand the range of outcomes that have been observed related to the effectiveness of citizens' voices in the decision-making process and ultimately in influencing policy and management decisions. Are there specific characteristics about monitoring program design, participants, or the surrounding political environment that permit the most effective citizen participation? Research addressing these questions might be carried out across programs or may address a single monitoring initiative. One recommendation is for a rigorous data collection and statistical analysis to be carried out to assess such characteristics because this is often lacking in the current field of outcomes-focused research on volunteer environmental monitoring programs.
Interestingly, findings of this synthesis do not seem to align with a recent typology of participatory monitoring programs that distinguishes the degree to which citizens participate in the scientific research process and predicts the speed at which decision-making outcomes result . These researchers predicted high potential for "prompt" decision making for projects in which citizens and scientists develop the scientific research together, i.e., cocreated projects. They predicted that decision making would be "slow to result" for projects in which citizens assisted scientists in developing a study and were involved in both data collection and analysis to address a shared research goal, i.e., collaborative projects, or for projects in which citizens' main role in the scientific research process was to contribute data, i.e., contributory projects. In fact, the two monitoring efforts in this synthesis with the most rapid impacts on policies (Becker et al. 2005 , Danielsen et al. 2005b ) seem to align more as contributory or collaborative projects. However, decision making within those communities was, in fact, prompt. To explain this discrepancy, an alternative hypothesis to consider is that there is some evidence to suggest that those communities in which volunteer monitoring efforts resulted in the most immediate success in influencing policy changes (e.g., Becker et al. 2005 , Danielsen et al. 2005b ) faced environmental and/or economic crisis situations. Political science research suggests that a crisis situation can help influence policy change by helping to focus the attention of decision makers on a particular issue (Stern 1997) . At such times, groups poised to bring their agenda to decision makers can help drive policy change (Kingdon 1993) . As the typology describing cocreated, collaborative, and contributory projects is widely known among practitioners in this field (Cosquer et al. 2012 , Dickinson et al. 2012 ), research to better understand the relationship between program design and speed of influence on decision making is warranted. Such research would also fill a knowledge gap left by the current outcomesfocused articles, which is to define how long until various types of outcomes are achieved. Available results suggest that learning outcomes and attitude and behavior changes can be accomplished within a year from project initiation, but the majority of authors did not explicitly state how long it took to observe various types of outcomes in their programs.
Another knowledge gap identified through this synthesis is that relatively few researchers have considered whether participants or communities have changed attitudes or behaviors as a result of the volunteer monitoring effort. As the world faces the challenges of changing climate and decreasing biodiversity, a focus of many volunteer environmental monitoring efforts, Ecology and Society 20(3): 19 http://www.ecologyandsociety.org/vol20/iss3/art19/ influencing change in human attitudes and behaviors is of utmost importance to protect biodiversity (Heller and Zavaleta 2009). For instance, McKay (2007) reflected that much has been done to document declines in bird populations but questioned if enough has been done to try to change attitudes and behaviors to help minimize these declines. This synthesis demonstrates that there have been encouraging results of attitude and behavior changes to protect natural resources, but only 12 authors have considered this across the ever-growing field of volunteer environmental monitoring. That is a paucity of information from a field that focuses entirely on engaging citizens in scientific research about the environment. Research that has been published about these outcomes tends to be more data rich, having been determined primarily through interviews, surveys, and program data review. A similar style of assessment is recommended for future research about these outcomes as well.
Overall, many opportunities exist for researchers in this domain. Such research will not only inform future program planning and development but also help build the credibility of volunteer environmental monitoring programs as effective contributors to natural resource management and policy decisions.
Limitations of this synthesis
There are limitations that should be acknowledged. First, other valuable information on this subject is available but was not included in this synthesis, which was limited to peer-reviewed journal articles. Excluded were books, book chapters, and nonpeer-reviewed reports (e.g., Ely 1994 , Fischer 1996 , Ecological Monitoring and Assessment Network and the Canadian Nature Federation 2003, Viswanathan et al. 2004 ). Second, limitations of the searching techniques may have restricted the pool of peer-reviewed articles. For example, environmental monitoring in which volunteers assisted but were not identified in the article title or key words were not included. Similarly, the diversity of terms used to describe volunteer monitoring efforts varies across fields of science, and some relevant search terms may have been inadvertently excluded.
CONCLUSION
Peer-reviewed journal articles related to volunteer environmental monitoring efforts have reported a variety of outcomes for individuals and communities. These range from increasing participant knowledge and community awareness to promoting changes in attitudes and behaviors, building social capital, and ultimately, influencing change in natural resource management and policies. Mixed results have been reported in regard to citizen success as active participants in the political decision-making processes and in terms of knowledge gained through participation in volunteer monitoring efforts. However, research on such outcomes is limited, representing less than 10% of peer-reviewed journal articles related to volunteer environmental monitoring published through 2012. Thus, many opportunities exist to research and report outcomes of volunteer environmental monitoring efforts. Practitioners, sponsoring agencies and organizations, citizen participants, communities, and ultimately, the environment can benefit from what is learned.
The major recommendations of this research that address identified gaps in knowledge of outcomes of volunteer environmental monitoring efforts include the following:
1. Although important, research focused on identifying knowledge-related outcomes should consider not only content knowledge assessment but also assessment of knowledge and skills related to such things as diplomacy, public speaking, data synthesis, or communications, any of which will provide greater insight into the value of volunteer environmental monitoring as a public participation tool.
2. Considerably few articles reported null or negative outcomes, which can be of value to other similar initiatives. Further, the majority of researchers focused on assessment of just a single volunteer monitoring effort; thus, a gap exists in understanding commonalities in outcomes and program characteristics across volunteer environmental monitoring efforts. To address both of these knowledge gaps, independent research should be conducted across programs to assess outcomes. This will not only inform the field about commonalities in outcomes and characteristics but also enable null or negative results to be anonymously reported, thus protecting programs from potential negative repercussions of reporting such results openly.
3.
A number of negative outcomes were reported related to the effectiveness of citizen participation in the decision-making process. An opportunity exists to consider this in more depth, including seeking to understand the role that such aspects as monitoring program design, characteristics of participants, and surrounding political environment may play in effective citizen participation in decision-making processes. For this research, a rigorous method of data collection and statistical analysis should be carried out.
4.
The current field of research tends to overlook the time component of outcome achievement, which can be essential to certain volunteer monitoring efforts. Opportunities exist to assess a common monitoring program design typology, which defines programs as cocreated, collaborative, and contributory, among others, as related to time to achieving outcomes and to provide summarized information about a range of times observed to achieve decision-making outcomes in different situations.
5.
As the world faces the challenges of changing climate and decreasing biodiversity, both impacted by human activities, attitude and behavior changes that can minimize impacts across the globe will be essential. As volunteer environmental monitoring is designed to engage citizens in scientific research directly related to these issues, understanding to what extent and how attitude and behavior changes have occurred is essential. Existing research fails to address these outcomes sufficiently. Thus, this is a superb opportunity for future research.
Responses to this article can be read online at: http://www.ecologyandsociety.org/issues/responses. php/7329
